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We investigated motion perception in peripheral vision (10--40 deg eccentricity) for drifting 
gratings above and below the Nyquist limit set by neural sampling of the retinal image. We found 
that psychometric functions for motion discrimination rarely exhibited worse-than-chance 
performance indicative of motion reversal. A series of control experiments indicated that failure 
to demonstrate motion reversal could not be attributed to: (1) failure to detect the contrast of the 
stimulus; (2) failure to detect he motion of the stimulus; (3) use ogan inappropriate range of spatial 
frequencies. Although consistent motion reversal was not observed, additional experiments 
demonstrated that motion perception was nevertheless non-veridical for spatial frequencies above 
the Nyqulst limit. These seemingly contradictory results were reconciled by the observation that 
aliased patterns could appear to move in several different directions, all of which were different 
from the direction of stimulus, but only one of which was opposite to the stimulus direction. Nyquist 
Hmits inferred from motion discrimination He near the predictions for P-ganglion cells in human 
retina and well above M-cell predictions, which implies the M-cell array is too sparse to account for 
the limits to veridical motion perception in peripheral vision. Copyright © 1996 Elsevier Science 
Ltd. 
Aliasing Motion Undersampling Vision 
INTRODUCTION 
In parafoveal and peripheral parts of the visual field, 
drifting gratings may appear to drift in a direction 
opposite to their true direction of motion (Smith & Cass, 
1987b; Anderson & Hess, 1990; Coletta et al., 1990). At 
low spatial frequencies motion perception is veridical, 
but as spatial frequency increases motion ceases (a 
motion "null") and then reverses direction. At still higher 
frequencies a second motion null may also occur. These 
observations have been explained by appeal to the 
sampling theorem of communication theory, under the 
hypothesis that the motion reversal illusion is due to 
spatial undersampling of the retinal image by the retinal 
mosaic. Neural undersampling has also been used to 
explain aliasing, another illusion in which the spatial 
structure of targets is misperceived (Williams, 1985; 
Smith & Cass, 1987a; Thibos et al., 1987). A similar 
misperception also occurs for amblyopic individuals, 
which has led to some debate about the possible role of 
neural undersampling in amblyopia (Levi et al., 1985; 
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Levi & Klein, 1986; Hess & Anderson, 1993; Thibos & 
Bradley, 1993). 
Development of effective tests for the existence of 
neural undersampling of the optical or neural image is 
important for basic research exploring the limits to 
normal spatial vision, as well as for applied research into 
the mechanisms responsible for reduced vision in clinical 
dysfunction (Thibos & Bradley, 1993). Subjective 
determination of the onset of aliasing is fast, easy to 
perform, and gives repeatable r sults (Thibos et al., 1987) 
but lacks the appeal of more rigorous psyehophysical 
methods. Resolution limits derived from orientation 
discrimination of horizontal and vertical gratings have 
also been criticized on the grounds that some subjects can 
perform the task above chance levels even in the presence 
of obvious, subjective aliasing (Williams & Coletta, 
1987; Coletta et al., 1990). On the other hand, the motion 
reversal illusion is thought o provide a more accurate 
estimate of the Nyquist sampling rate of the retina 
(Coletta et al., 1990) and a more robust demonstration f 
neural undersampling (Anderson & Hess, 1990). For 
example, to test the undersampling hypothesis of 
amblyopia, Hess and Anderson compared motion dis- 
crimination performance for foveal, amblyopic vision 
with normal, peripheral vision (Hess & Anderson, 1993). 
Their experimental results demonstrated motion reversal 
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in the normal periphery but not in the amblyopic fovea, 
which led them to reject the undersampling hypothesis 
for amblyopia. It is because of this potential for wide 
applicability of sampling-limited psychophysical tasks 
that the present study was designed to critically examine 
the idea of using motion reversal as a test for the 
existence of undersampling. Our results confirm and 
extend an independent, concurrent study which failed to 
reveal motion reversals in the mid periphery, thereby 
casting doubt upon the utility of motion reversal for 
studying the effects of neural sampling (Artal et al., 
1995). 
Although the presence of motion reversal may indicate 
the existence of neural undersampling, it does not follow 
that a fai lure to observe motion reversal is evidence 
against the presence of spatial undersampling. In other 
words, it has not yet been shown unequivocally that 
motion reversal is both necessary and sufficient evidence 
of neural undersampling. Arguments based on a one- 
dimensional analysis of undersampling (Anderson & 
Hess, 1990) are not adequate to resolve this issue for the 
inherently two-dimensional case of retinal images. In the 
one-dimensional case there are only three possible 
alternatives for apparent motion of a target: right, left, 
or stationary. However, in the two-dimensional case there 
are many possible directions of drift because there are 
many possible orientations for the alias of an under- 
sampled, two-dimensional grating (Petersen & Middle- 
ton, 1962; Williams & Coletta, 1987; Coletta et al., 1990; 
Coletta et al., 1993; Thibos & Bradley, 1993; Artal et al., 
1995). Since gratings in a circular window appear to drift 
in a direction orthogonal to their orientation, an aliased 
grating might appear to drift in any of several possible 
directions, only one of which is opposite to that of the 
actual target. Thus, it is conceivable that a traditional, 
two-alternative forced-choice (2AFC) experimental de- 
sign might fail to demonstrate motion reversal, even 
when spatial undersampling is clearly present and 
causing conspicuous, non-veridical motion perception. 
The purpose of the present study was to test this 
possibility. 
METHODS 
Visual Tasks and Procedures 
To demonstrate the motion reversal illusion we 
employed the same direction discrimination task used 
previously by others (Smith & Cass, 1987b; Anderson & 
Hess, 1990; Coletta et al., 1990). A 2AFC paradigm was 
used to generate psychometric functions by the method of 
constant stimuli. On each trial the subject was presented 
with a vertical grating target hat was drifting either to the 
right or to the left. The task of the subject was to indicate 
which of these two possibilities had been presented. 
In addition, the following four tasks were performed in 
various control experiments: (1) contrast detection; (2) 
motion detection; (3) orientation discrimination; (4) 
detection of aliasing. For contrast detection we used a 
temporal, two-interval forced-choice (2IFC) paradigm. 
One interval contained a moving grating and the other 
interval contained a uniform field of the same mean 
luminance. Subjects were required to tell which interval 
contained the visual target (i.e. which interval was not 
uniform). For motion detection we used a 2IFC paradigm 
in which moving gratings were paired with stationary 
gratings of identical contrast, frequency and orientation. 
In this case the subject's task was to identify the interval 
which contained the moving target. For orientation 
discrimination we used a 2AFC paradigm. On each 
stimulus trial the subject was presented with a stationary 
grating that was oriented either vertically or horizontally 
and the task of the subject was to indicate which of these 
two possibilities had been presented. 
For subjective detection of the onset of aliasing we 
used a method of limits procedure described previously 
(Thibos et al., 1987) to estimate the low frequency end of 
the narrow band of spatial frequencies which partitions 
the spatial frequency spectrum into veridical and aliased 
zones (Thibos et al., 1996). On each trial the grating was 
stationary and its orientation was randomly set to either 
vertical or horizontal. To obtain a lower-bound estimate 
we used an ascending series in which the subject slowly 
increased the spatial frequency of the grating stimulus 
(starting from a very low spatial frequency level where 
the grating's apparent orientation was clearly veridical) 
and stopped when the gratings first appeared to alias. To 
obtain an upper-bound estimate we used a descending 
series in which the subject slowly decreased the spatial 
frequency (starting from a very high spatial frequency 
level where the gratings were undetectable) and stopped 
when aliasing ceased and the grating's orientation could 
be confidently identified. In this descending case the 
subject was also asked to identify the stimulus orientation 
when the endpoint was reached as a check that the 
subject's perception was indeed veridical. In our 
experience, after a few training runs subjects learn to 
recognize the signs of aliasing (temporal instability, 
spatial distortion) described previously (Thibos et al., 
1987) and are able to do this task with a high degree of 
repeatability. The four subjects participating in the 
present experiments were all highly experienced at 
critical observation of peripheral visual stimuli. We 
emphasize that both the ascending and descending series 
were designed to reveal the highest spatial frequency 
which does not lead to perceptual iasing. The results are 
therefore interpreted as alias-free, lower-bound estimates 
of the Nyquist frequency which are uncontaminated by
sampling artifacts (Anderson et al., 1991). 
Grating contrast was fixed and spatial frequency was 
the independent variable for all experiments which 
measured psychometric functions. Within a given session 
of a 2IFC or 2AFC experiment, all spatial frequencies 
were randomly interleaved. Each session consisted of 10 
stimulus presentations at each of seven spatial frequen- 
cies. Results from five such sessions were averaged for 
one subject (YZW) and for the other subjects the results 
of three sessions were averaged. 
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FIGURE 1. Psychometric functions for contrast detection (O)  and 
direction discrimination (0 )  for four subjects at 10deg retinal 
eccentricity in the horizontal nasal field. Stimuli were high contrast 
sinnsoidal gratings oriented vertically and drifting horizontally at 8 Hz, 
either to the right or to the left. Error bars for subject YZW show _+ 1 
SEM of percent correct for five repetitions of the experiment (10 trials 
per spatial frequency per experiment). 
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FIGURE 2. Psychometric functions for contrast detection and direction 
discrimination from four subjects at 20 deg retinal eccentricity. 
Symbols and error bars as in Fig. 1. In addition, we show the 
psychometric functions for motion detection (~7) and for orientation 
discrimination (&). Also shown for subjects LNT and YZW are 
estimates of the Nyquist limit for vertical gratings (dashed vertical 
line) and the average Nyquist limit for vertical nd horizontal gratings 
(solid vertical line) obtained using the method of limits. 
Stimulus 
Targets were circular patches (2.5 deg diameter) of 
high contrast sinusoidal gratings displayed on a computer 
monitor that was gamma-corrected to provide contrast 
linearity up to 90%. The target was surrounded by a large 
(7 deg diameter) white area of the same mean luminance 
as the monitor (55cd/m2). For those experiments 
employing moving targets, the grating was oriented 
vertically and drifted at 8 Hz. The duration of stimulus 
presentation for the 2IFC and 2AFC paradigms was 
1.5 see. This included an initial 0.25 see period in which 
stimulus contrast was linearly ramped from 0% (i.e. a 
uniform field) up to 90%, followed by a 1 sec period of 
fixed contrast (90%), and then a final 0.25 see period in 
which the contrast was linearly ramped back down to 0%. 
An audio signal was used to prompt he subject before 
each stimulus presentation. No feedback regarding the 
correctness of responses was given to the subject. 
Stimuli were placed at one of four possible eccentri- 
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FIGURE 3. Psychometric functions for contrast detection and direction 
discrimination from four subjects at 30deg retinal eccentricity. 
Symbols and error bars as in Fig. 1. 
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FIGURE 4. Psychometric functions for contrast detection a d direction 
discrimination from four subjects at 40 deg retinal eccentricity. 
Symbols and error bars as in Fig. 1. 
cities (10, 20, 30 and 40 deg) in the horizontal, nasal 
visual field by asking subjects to maintain fixation on a 
distant arget. High contrast details of the fixation target 
helped maintain a steady accommodative state. Off-axis 
spherical and cylindrical refractive rrors of each subject 
were determined with retinoscopy for each test eccen- 
tricity and corrected by ophthalmic trial lenses centered 
on the peripheral line of sight. All experiments were 
performed with monocular viewing by the right eye (the 
left eye was occluded) with natural pupils (4-4.5 mm 
diameter). 
RESULTS AND DISCUSSION 
Psychometric Functions for Direction Discrimination 
Psychometric functions obtained for the direction 
discrimination task are shown by the solid curves and 
solid circles in Figs 1-4. Each of these figures is for a 
fixed eccentricity (10, 20, 30 and 40 deg, respectively) 
and the four panels of each figure show results for the 
individual subjects. One of the subjects OrZW) repeated 
the experiment five times at each eccentricity and for this 
subject we display error bars (+ 1 SEM) to indicate the 
degree of reliability achievable by trained subjects. To 
gather evidence of the motion-reversal illusion we seek 
examples of performance which are consistently below 
the chance (50% correct) level. Although isolated 
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TABLE 1. Nyquist limit (c/deg) estimated for horizontal nd for 
vertical gratings using method of limits for two subjects 
Condition Subject LNT Subject YZW 
Ascending (vertical) 2.82 _ 0.07 3.28 _+ 0.03 
Descending (vertical) 3.65 _ 0.03 3.52 + 0.04 
Ascending (horizontal) 4.25 + 0.07 3.89 + 0.06 
Descending (horizontal) 4.46 + 0.04 4.70 _ 0.03 
Ascending means spatial frequency increased from low to high values. 
Stimuli were located 20 deg in horizontal nasal field. Values 
represent the mean + 1 SEM for 10 (LNT) or 30 determinations 
(YZW). 
examples are evident (e.g. subject AB in Figs 1 and 3), 
for most of the subjects and at most eccentricities tested 
there is little evidence from these data that motion 
reversal was occurring in these experiments. These 
results agree with similar findings by Artal et al. 
(1995). By comparison with results obtained for other 
visual tasks described below, psychometric functions for 
direction discrimination are not very smooth, they have 
an unusually shallow slope, and have relatively large 
inter-subject variation. In what follows we will refer to 
the range of spatial frequencies for which performance on 
this task fell from perfect to chance levels as the 
transition zone for  direction discrimination. 
There are many possible xplanations for the failure to 
demonstrate motion reversal in the foregoing experiment. 
The simplest explanation is that subjects failed to see 
motion reversal because they failed to detect the 
stimulus. To test this hypothesis we conducted the 
contrast-detection control experiment (2IFC, grating vs 
uniform field) and the results are shown by the dashed 
curves and open circles in each of Figs 1-4. In comparing 
the results of these two tasks, the important point to note 
is that detection performance is nearly flawless through- 
out the transition zone for direction discrimination. Thus 
we reject the hypothesis that failure to see motion 
reversal was due to failure to detect he stimulus. 
Another possible explanation is that subjects failed to 
see motion reversal because they were unable to detect 
motion over the spatial frequency range for which motion 
reversal was expected to occur. We tested this hypothesis 
by measuring performance for the motion-detection 
paradigm (2IFC, drifting grating vs stationary grating). 
This control experiment was conducted for three of the 
four subjects (LNT, RSA and YZW) at one eccentricity 
(20 deg) and the results are shown by the open triangles 
in Fig. 2. Performance for motion detection was found to 
be nearly as good as for contrast detection and was nearly 
flawless throughout he transition zone for direction 
discrimination. Thus we reject he hypothesis that failure 
to see motion reversal was due to failure to detect 
stimulus motion. 
According to theory, in a single layer sampling model, 
motion reversal should occur over the spatial frequency 
range from the Nyquist frequency to twice the Nyquist 
frequency (Anderson & Hess, 1990; Coletta et al., 1990), 
while in a multi-layered system such as the retina, motion 
reversals can occur over a larger spatial frequency range 
(Galvin et al., 1996). Therefore, a third possible 
explanation for lack of motion reversal is that under- 
sampling was not occurring over the frequency range 
represented by the transition zone for direction discrimi- 
nation. To examine this explanation we sought additional 
evidence of undersampling which could provide an 
independent estimate of the Nyquist frequency for our 
subjects. We did so in two ways. First, we conducted a 
2AFC orientation-discrimination experiment for two 
subjects (LNT and YZW) at one eccentricity (20 deg). 
The results, shown by the solid triangles in Fig. 2, 
indicate perfect performance over the range 1-4 c/deg 
with occasional mistakes occurring at 4.5 c/deg and more 
frequent mistakes at higher spatial frequencies. Accord- 
ing to the neural sampling theory of visual resolution, the 
reason performance becomes less than perfect in this task 
and eventually falls to chance levels, is because of the 
ambiguity of aliasing introduced into the neural image by 
undersampling (Williams & Coletta, 1987; Thibos & 
Bradley, 1993). Although irregularity in the retinal 
mosaic may add a stochastic omponent to the Nyquist 
limit (Yellott, 1982), the minimum Nyquist frequency 
must be ~ 4.5 c/deg at this retinal ocation since aliasing 
is evidently present and hindering performance at this 
frequency. In fact, the actual Nyquist frequency might be 
significantly less than 4.5 c/deg. Williams and Coletta 
have argued convincingly that threshold (75% correct 
criterion) for the orientation discrimination task over- 
estimates the Nyquist limit by a factor of 1.5 in 
parafoveal vision (Williams & Coletta, 1987). If this is 
true also for peripheral vision then threshold for our 
subjects (5.9 c/deg for LNT and 5.5 c/deg for YZW) 
would correspond to minimum Nyquist limits of 
3.9 c/deg for LNT and 3.7 c/deg for YZW. These values 
appear easonable since they also represent the highest 
spatial frequency for which performance was flawless. 
Thus on the basis of this experiment we will take the 
average value of 3.8 c/deg as a lower-bound estimate of 
the minimum Nyquist limit for these subjects at 20 deg in 
the horizontal nasal field. 
A second estimate of the Nyquist frequency was 
obtained from subjective observations of the onset of 
aliasing which marks the low-frequency edge of the 
transition zone between veridical and aliased perception 
(Thibos et al., 1987). Subjects determined by method of 
limits the highest spatial frequency for which gratings 
appeared veridical (i.e. which did not produce the spatial 
aliasing phenomenon) and by this criterion ours is an 
alias-free method (Anderson et al., 1991). To bracket he 
estimates of aliasing onset, the experiment was con- 
ducted for both ascending (low to high spatial frequen- 
cies) and descending (high to low frequencies) eries, the 
results of which are shown in Table 1. For subject LNT, 
each estimation of the Nyquist limit represents the 
average of 10 settings and for subject YZW the tabulated 
values are the average of 30 settings. The SD of repeated 
settings was about 0.2 c/deg, which is less than 10% of 
the mean settings at this particular etinal ocation. This 
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degree of variability is relatively small compared to the 
difference between upper and lower-bound estimates of  
the onset of aliasing (<1 c/deg) and small also compared 
with the difference between results for vertically and 
horizontally oriented gratings (about 1 c/deg). To reduce 
these various estimates to a single nominal value, we 
averaged the upper and lower-bound values for vertical 
and horizontal orientations. The result for both subjects 
was 3.8c/deg, which is the same value obtained 
independently using the orientation discrimination task. 
The preceding experiments have produced converging 
lines of evidence which point to 3.8 c/deg as a lower- 
bound estimate of the average Nyquist frequency for 
vertical and horizontal gratings at 20deg in the 
horizontal nasal field of our subjects. However, the 
direction-discrimination task described above was per- 
formed only for vertical gratings and so the slightly lower 
value of 3.3 c/deg (obtained by averaging just the 
estimates for vertical targets for the two subjects, and 
indicated in Fig. 2 by the dashed vertical ine) is more 
appropriate for comparison with our psychometric 
functions for direction discrimination. Accordingly, we 
should have seen evidence of motion reversal over the 
range of spatial frequencies from about 3.3 c/deg (the 
Nyquist frequency) to about 6.6 c/deg (twice the Nyquist 
frequency) for which subjective aliasing was prominent. 
This range of frequencies corresponds well with the 
transition phase of the psychometric function for 
direction discrimination i  Fig. 2 and yet there is no 
evidence of motion reversal in the data. Furthermore, this 
transition range of frequencies lies in the vicinity of the 
expected Nyquist limit for retinal ganglion cells (Curcio 
& Allen, 1990) and is below the Nyquist frequency of the 
array of cone photoreceptors (Curcio et al., 1990), which 
therefore precludes the possibility that double-layer 
undersampling might account for the lack of motion 
reversal in this experiment (Galvin et al., 1996). Thus we 
conclude that failure to see motion reversal was not due 
to absence of neural undersampling. 
Subjective Impressions of the Drifting Gratings 
In an attempt to gain further insight into the reason for 
lack of motion reversal in our primary experiment using 
the direction-discrimination paradigm, we asked subjects 
to describe the subjective appearance of drifting gratings 
in the peripheral field. All subjects agreed that gratings 
with relatively low spatial frequency appeared to move 
veridically, i.e. they looked like vertical stripes drifting in 
the correct direction. At about the spatial frequency 
where performance for the direction-discrimination task 
became less than perfect, subjects reported seeing spatial 
aliases that were not unlike the drawings of stationary 
gratings reported previously (Thibos & Bradley, 1993). 
These percepts were more common for target eccentri- 
cities of 20, 30 and 40 deg than for 10 deg. Aliasing 
persisted throughout the range of spatial frequencies 
between the threshold for direction-discrimination and 
cutoff for contrast detection. When test spatial frequen- 
cies were close to the detection cutoff, subjects often 
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FIGURE 5. Motion discrimination results for a series of 9AFC 
experiments at 20 deg eccentricity in the horizontal nasal field. 
Stimulus was a vertical grating drifting to the fight or to the left. The 
abscissa indicates the apparent direction of drift relative to the stimulus 
(S indicates the target appeared stationary). Frequency of reports were 
averaged across two subjects (LNT and AB). Test spatial frequency is 
indicated at the fight of each bargraph. 
reported that the gratings appeared stationary. This 
observation is consistent with the slight difference 
between psychometric functions for contrast detection 
and for motion detection evident in Fig. 2. 
For spatial frequencies beyond the nominal Nyquist 
limit determined by the onset of aliasing, all subjects 
reported that the apparent direction of drift varied from 
trial to trial, and was not necessarily rightward or 
leftward. Often the grating was reported to be oriented 
obliquely and drifting in the orthogonal oblique direction. 
Sometimes ubjects reported seeing two overlapping 
gratings moving in the opposite directions, one drifting 
faster than the other. At other times subjects saw a 
spatially and temporally incoherent scintillating pattern. 
All subjects agreed that forcing responses into just two 
categories (rightward and leftward drift) was an over- 
simplification which prevented accurate reporting of the 
true nature of their perception. Similar observations have 
been reported for drifting gratings in the parafovea 
(Coletta et al., 1993). In the Coletta et al. study, obliquely 
oriented gratings sometimes appeared to move in 
directions other than the expected ones and a 2AFC 
direction discrimination task failed to capture this 
mispexceived motion (Fig. 4 of Coletta et al., 1993). 
To pursue these impressions objectively, a nine- 
alternative rating experiment was devised in which the 
direction of apparent motion of a vertical grating was 
judged by the subject to be in one of eight possible 
directions (right, left, up, down, up-right, up-left, down- 
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FIGURE 6. Comparison of psychometric function for left vs right 
direction discrimination btained by using 2AFC paradigm (0, 
repiotted from Fig. 2) with that derived from the results of 9AFC 
experiments (A, derived from Fig. 5). Data represent average 
performance of two subjects (AB and LNT) at 20 deg eccentricity. 
right, down-left) or stationary. From these reports we 
computed the relative motion direction as the angle 
between the stimulus motion vector and the subjective 
motion vector. For example, if the stimulus drifted 
rightward and the subject reported up-right, then the 
angle of relative motion was +45 deg. Thus, by this 
convention, veridical motion perception corresponds to 
zero relative motion and motion reversal corresponds to
180 deg of relative motion. 
Two subjects (AB and LNT) participated in this final 
experiment and their pooled results are shown in Fig. 5 as 
a series of histograms, one for each stimulus frequency 
tested. For frequencies well below the putative Nyquist 
limit of 3.3 c/deg for vertical gratings, the subjective 
appearance was always veridical. Just above the Nyquist 
limit (3.5 c/deg), motion reversals were occasionally 
reported. At a slightly higher frequency (4c/deg) 
veridical and reversed motion remained the most 
frequently reported categories, but orthogonal and 
oblique directions were occasionally reported as well. 
At still higher frequencies the fiat profile of the 
histograms indicates that perceived irection of motion 
was independent of stimulus direction, although there 
may have been some slight tendency to report motion in 
the orthogonal directions (i.e. upward or downward). At 
about twice the Nyquist limit (7 c/deg) the targets were 
frequently reported to be stationary, which is consistent 
with our finding that performance on the motion 
detection task begins to fall below 100% at about this 
spatial frequency. The most convincing evidence of a 
motion null obtained from this experiment was for 
8 c/deg, which is slightly higher than twice the Nyquist 
frequency. 
The main conclusion to be drawn from Fig. 5 is that 
motion perception is clearly non-veridical in the aliasing 
zone of spatial frequencies beyond the Nyquist limit. 
Unfortunately, the usual 2AFC paradigm for direction 
discrimination isnot well suited to reveal these subjective 
experiences because it forces subjects to partition their 
observations into just two categories. Furthermore, it
occurred to us that this methodological limitation might 
account for our failure to demonstrate motion reversal in 
earlier experiments because about half of the time the 
subjective impression would be of a stimulus drifting in 
roughly the same direction as the stimulus and about 
half of the time in the opposite direction. To test this 
conjecture, we re-coded the data of Fig. 5 into the 2AFC 
paradigm as follows. Counts in bins 0, +45 and -45, and 
half of the count in bins +90, -90 and S were treated as 
correct under the assumption that subjects would have 
responded "rightward" when the subjective percept was 
rightward, up-right, or down-right and would guess 
correctly 50% of the time when the grating appeared to 
drift upwards, downwards, or appeared stationary. The 
remaining bins were combined and treated as incorrect 
responses. From these re-coded ata we constructed the 
hypothetical 2AFC psychometric function shown by the 
triangles in Fig. 6. The result was nearly identical to the 
average psychometric function obtained for the same two 
subjects in the actual 2AFC experiment (circles, replotted 
from Fig. 2) and clearly lacks convincing evidence of 
motion reversal near the Nyquist frequency. 
The failure to observe a clear motion reversal in the 
2AFC paradigm is not unique to our study. After the 
original report (Coletta et al., 1990) showing 2AFC 
direction discrimination psychometric functions falling 
to 0% correct, later studies have reported no clear 
reversals (Artal et al., 1995), an absence of reversals at 
some eccentricities (Anderson & Hess, 1990; Galvin et 
al., 1996), or psychometric functions that barely drop 
below the 50% chance level (Anderson & Hess, 1990; 
Galvin et al., 1996). This raises the question of whether 
the 2AFC motion discrimination task might still be useful 
for estimating the Nyquist frequency. Notice that the 75% 
correct point on the psychometric functions in Fig. 6 
occurs at about 3.5 c/deg, the spatial frequency for which 
mistakes in the nine-alternative ranking experiment first 
appeared and were confined to the reversed irection. 
This is the signature of undersampling we sought in the 
original 2AFC experiment but was evidently hidden by 
the fact that pure reversals occurred for less than 50% of 
the trials. The presence of motion reversals at the 75% 
correct point, and the absence of a clear "motion null" 
suggest that 75% correct point may be an appropriate and 
practical criterion for the motion-reversal estimate of the 
Nyquist limit in peripheral vision. If a clear motion 
reversal did exist, the 75% correct criterion would predict 
a slightly lower estimate of the Nyquist frequency than 
that predicted by the first motion "null". 
Adopting this 75% convention, we plot in Fig. 7 the 
Nyquist estimate for all four subjects at each retinal ocus 
tested. For comparison purposes we also show calculated 
Nyquist frequencies (square packing) for human retina 
based on anatomical studies of cone photoreceptors 
(Curcio et al., 1990) and of retinal ganglion cells (Curcio 
& Allen, 1990). Separate stimates for M- and P-classes 
of ganglion cells were computed twice, based on different 
sets of assumptions. In the first case, we assumed a fixed 
fraction of 80% midget (P-) cells and 10% parasol (M-) 
cells (Perry et al., 1984). In the second case, we assumed 
the fraction of midget (96-48%) and parasol (5-18%) 
cells varies with eccentricity (Dacey & Brace, 1992; 
Dacey, 1993) according to the following formulas. For 
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FIGURE 7. Psychophysical estimates of Nyquist frequency based on 
75% correct criterion for 2AFC direction-discrimination paradigm. 
Symbols show estimates derived from psychometric functions in Figs 
1--4 and curves show anatomical predictions calculated from the 
literature. 
P-cells, the data of Fig. 19(B) in Dacey (1993) were fit by 
the sigmoidal function: 
% midget = 
100*(0"52+0"48*exp(  - (E  ~4"87~\2-~.3] ,] / - 4.5, (1) 
where E is eccentricity in deg. For M-cells, cell densities 
were computed assuming dendritic field diameter 
(mm) = 0 .07*E  0"65 (from Fig. 2 of Dacey & Brace, 
1992) and a fixed coverage factor of 6.8 independent of 
eccentricity (Dacey, unpublished observations). The ratio 
of this result to the combined density of all retinal 
ganglion cells was well fit by the function 
% parasol = 
E 2.00 (1 0,3,exp( ))82 (2) 
To plot these anatomical data in visual coordinates, the 
nonlinear retinal magnification factor of the eye was 
computed according to the wide-angle model of Drasdo 
and Fowler (1974). 
The comparisons drawn in Fig. 7 show that our 
psychophysical estimates of neural sampling limits based 
on motion discrimination lie near the Nyquist predictions 
for P-cells and well above the M-cell predictions. Thus 
the sparse M-cell array is evidently too coarse to account 
for the limits to veridical motion perception documented 
by the present series of experiments. Furthermore, M- 
cells are an unlikely neural substrate for non-veridical 
motion perception due to undersampling since the 
dendritic fields of parasol cells are relatively large in 
comparison to their spacing (Perry et al., 1984). Even if 
ON- and OFF-mosaics of parasol cells are considered 
separately, recent anatomical evidence from macaque 
monkey indicates that the ratio of dendritic field radius to 
nearest-neighbor spacing is about 0.8 over the eccen- 
tricity range 12--60 deg (Dacey & Brace, 1992), which is 
too high to permit significant levels of aliasing, motion 
reversal, or other effects of neural undersampling (Thibos 
& Bradley, 1995). Instead, a population of ganglion cells 
with closer spacing and less overlap of receptive fields 
must be involved, which adds further evidence in support 
of a role for the P-cell system in motion perception 
(Merigan et al., 1991; Merigan & Maunsell, 1993). 
Galvin et al. (1996) and Anderson et al. (1995) recently 
came to a similar conclusion. 
In summary, we conclude that failure to demonstrate 
motion reversal in a 2AFC direction-discrimination 
paradigm is not necessarily valid evidence of absence 
of neural undersampling. To exclude neural under- 
sampling hypotheses requires that tests be performed 
which can reveal other forms of non-veridical motion 
perception besides motion reversal. This requirement is 
critical for peripheral vision since motion perception in 
the periphery is clearly non-veridical, but not necessarily 
reversed, at spatial frequencies beyond the Nyquist limit 
set by the retinal mosaic of P-cells. We suspect hat this 
requirement is not as stringent in more central areas of the 
visual field where retinal receptive fields are packed in a 
more regular fashion, which would explain why motion 
reversal is more readily observed in parafoveal than in 
peripheral parts of the visual field (Wang et al., 1993). 
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